Abstract. In the present paper, the numerical and experimental study of the flows in
INTRODUCTION
Scramjet (supersonic combustion ramjet) engine is one of the candidates for hypersonic flight propulsion system which will be used in wide range of flight Mach numbers from 4 to 12. Scramjet should be well operated in dual and scram modes depending on the flight Mach number [1] . In particular, scramjets are a promising technology that can enable efficient and flexible transport systems by removing the need to carry oxidizers and other propulsion limitations of conventional rocket engines. Supersonic combustion via the use of scramjet technology was successfully demonstrated for the first time worldwide by the HyShot II Program 2002 [2] , followed by successful flights of the Hyper-X vehicles in 2004 at Mach number 6.8 and Mach number 9.6 [3] . Originally, many studies have been done for hydrogen-fueled concepts of supersonic combustion chamber, primarily for space transportation systems. In this case, the upper speed bound lies in the Mach number 12-16 range [4-5 and flow velocity at the entrance of combustor can achieve Mach number of 4-5. A lot of key issues have to be addressed for developing the dual mode ramjet technology. One of them consists in designing a combustion chamber able to operate in a very large Mach number range with enough high effectiveness.
The computer design tools are widely used in developing the optimum characteristics of the combustion chamber of different types [6] , which must guarantee ignition and effective operation within the wide range of Mach numbers [7] [8] . The main parameters to evaluate efficiency of the combustion chamber are the mixture degree, ignition condition, combustion efficiency and pressure losses. Results of experimental researches at different Mach numbers [9] [10] , however, have shown essential discrepancy between real characteristics of combustion chamber and anticipated values, in particular, in realization of self-ignition and achievement of high level of combustion efficiency.
The simulation of supersonic mixing and combustion, with a focus on the supersonic combustion ramjet (scramjet), poses many challenges. Even for non-reacting flows, the way to properly treat compressibility effects on turbulence at high Mach numbers is far from being resolved. Complex geometries posed additional difficulties. When combustion dynamics are added to the problem, uncertainty exists in the turbulence-chemistry interaction, shock wavechemistry interaction, as well as the general lack of adequate knowledge of the effects of supersonic conditions on turbulence, reaction rates, and flame regimes. Review of these problems can be found in [11] [12] .
Backward facing step and cavity are widely used as effective flame holders at supersonic flow velocity in the channel. The results of numerical modelling and experimental investigations of high-enthalpy turbulent flows in the neighborhood of 90-degree BFS at the Mach numbers M ∞ = 2−4 are presented by authors in [13] [14] under conditions of cold (Т 0 =300 K) and high-enthalpy (Т 0 =2500 K) external flows at M  = 2, 3, and 4. It was found that temperature conditions can substantially affect the separation zone length and the flow structure behind the step. Different vortex structures of the separation zone behind the step were obtained, depending on the temperature factor. Nevertheless, it should be noted that these investigations were performed only for the external flow and for one step configuration.
The influence of step configuration on the structure of supersonic reacting flows in the channel under adiabatic and cold wall conditions was investigated in [15] . It is shown that ignition of mixtures essentially depends on the channel geometry and temperature conditions at the walls.
Results of modeling the interaction of a plane supersonic jet with a supersonic turbulent high-enthalpy flow in a channel are presented in [16] . Parametric studies show that an increase in the angle of inclination and the mass flow rate of the jet leads to an increase in the depth of jet penetration into the flow, but more intense separated flows and shock waves are observed in this case.
The results of the numerical study on the cross-flow helium jet injection into a channel with BFS are presented in [17] . Significant 3D effects are revealed in the computations for the case of the round jet hole. It was shown that the main difference with the 2D case is the lower intensity of the interaction of the primary (air) and secondary flows due to the primary flow spreading around the jet.
The three common approaches for modeling turbulent flows usually use: and Reynoldsaveraged Navier-Stokes equations (RANS) [18] [19] , direct numerical simulation (DNS) [20] , large-eddy simulation (LES) [21] [22] . It is well known that the RANS approach is the most computationally efficient and has a chance of completely modeling realistic aerospace systems. This is followed by LES, whereas DNS is still too costly for realistic engineering problems. However, the success of the RANS approach is dependent on type and complexity of flow in combustion chamber, and the procedure needs to be verified for every class of problem, making it non-universal [23] . Moreover, the approach is inherently steady and cannot deal with unsteady large-scale structures that determine the dynamics of many important flow problems. The main issue with LES, in comparison with RANS, is the computational cost.
There are a number of studies on hydrogen-fueled of scramjet, in which upper speed bound on flight Mach number was established in Mach 6-10 range. Mach number at the combustor entrance for this flight range should be 1.5-2.5. In spite of large amount of such investigations, the investigation of hydrogen combustion at high flow velocity is finding ever-increasing interest. Nevertheless, such researches were limited data for Mach numbers less than 3. The flow simulation in high-speed combustion chambers is one of important directions in these researches. The main goals of the present investigations were as follows:
 to get a new data on the flows in combustion channel;  to investigate the influence of the injection angle, total temperature and Mach number on the self-ignition, flame propagation and combustion efficiency;  to verify the numerical algorithm and code, including chemical schemes, on the channel flow experimental data.
COMBUSTOR MODEL AND EXPERIMENTAL SETUP
The combustor channel consists of rectangular channel with sudden expansion in the form of a BFS. The scheme of the model, position of injectors, and the basic dimensions of the combustor channel are presented in Figure 1 . Model has two parts: multi-injector section and expanding section. In the first of part, fuel injection was carried out by means of sonic jets. The injecting holes have been developed as changeable elements and allowed to obtained different angles of fuel injection. Such a design enhances considerably the capabilities of the model. Variation of the fuel injection speed is possible by means of use different changeable fuel nozzles. Glass windows are placed along the whole inlet duct of the model to visualize the flow and to determine its structure (separation and attachment of the boundary layer, location and form of the flame). The system of fuel supply is intended for different types of fuel: hydrogen, kerosene and propane. Two separated systems can be used to supply the fuel into the main injectors and into the recirculation zone.
Test of combustor were performed at the hotshot wind tunnel IT-302M [24] with arc heating in the attached pipeline mode. Such mode of investigation allows an effective use of the advantages of the hotshot wind tunnel as a source of a high-enthalpy test gas (air). Photo of model and some element of the wind tunnel are shown in Fig. 2 . The choice of the initial values of air pressure in the discharge chamber and the voltage of capacitors allowed obtaining the required flow temperature. This approach ensures not only the necessary Mach number but also the required pressure and temperature at the combustor entrance. High parameters may be reached due to the absence of technological problems related to the temperature strength of the sharp edges of the model. In addition, an increase in the combustor dimensions allows one to extend significantly the capabilities of flow/flame diagnostics and to develop a modular principle of construction of the combustor for extending the range of parametric studies.
Peculiarity of this wind tunnel is the flow parameters which are falling during the operation time (100-150 ms). Therefore large numbers of runs were carried out with the pressure multiplicator for maintenance of constant equivalence ratio (ER) value. Models were tested at the following conditions at the duct entrance: Mach numbers M en =2-4, total temperature T t =2000-3000K, static pressure P en =0.08-0.5 MPa, and fuel-air ER varied from 0.25 to 1.4.
During the tests, the parameters were measured as follows: the stagnation flow parameters in first and second prechambers; air and fuel flow rates; distributions of static pressure and heat flux in the model channel; Pitot pressure and temperature at model exit; base pressure distribution on backward facing step of injector device, forces acting on injector section. Large amount of measured stations allowed us to obtain detail distributions of static pressure and heat flux including transversal directions and base pressure. The video camera with frequency of about 800 frames per second was used for registration of flame images. The combustion efficiency was determined using an optical scheme of radiation registration in the ultraviolet range and one-dimensional calculation.
TESTING OF KINETIC SCHEMES
For numerical simulation of ignition of the hydrogen-air mixture it is necessary to use kinetic scheme that correctly predicts the ignition in supersonic external flow. Therefore, at the first stage, several kinetic schemes were tested [25] [26] [27] . Calculations were provided in terms of experimental data [28] where hydrogen was injected into a supersonic flow through a tube of d 1 = 9.5 mm diameter. The tube was installed into a supersonic nozzle with diameter of the exit section d = 65.3 mm (Fig 3) . The problem was solved as 2D axisymmetric. Computations were performed under the conditions presented in Table 1 . Comparison of the computed and experimental data on H 2 O mass fraction in several crosssections is provided in Fig. 4 . The best agreement between the calculated and experimental data was obtained using the kinetic scheme with 19 direct and 19 reverse reactions [27] . Therefore this kinetic scheme was used for further calculations. 
HYDROGEN JET INJECTION IN CHANNEL WITH CAVITY
Parametric computational studies of 2D supersonic air flow in a channel with a cavity were conducted. Geometry and flow parameters are conditioned by experiments provided in the hotshot wind tunnel IT-302M. Computational domain is a channel with a cavity located at the bottom wall. The computational domain (Fig. 5) was bounded by the inlet cross section on the left, by the walls on the top and bottom, and by the outlet boundary on the right. At the inlet section, the turbulent flow parameters at Mach 2.8 were set accounting for boundary layer presence on the top and bottom walls. On the solid walls, the no-slip conditions and cold wall conditions T w =300 K were assigned.
Hydrogen jet was injected from a slot of 2mm width located 50 mm prior the cavity front face (Fig.5) . The investigation of injection angle influence on a flow in a channel was carried out in 2D approach. Computational results were obtained on the RANS-based approach closed by the k-/SST model. The AUSM flux vector splitting scheme of second order was used for convective term approximation and an implicit temporal approximation is utilized for time integration. A structured grid with quadrilateral cells was used; the grid was refined toward the solid surfaces. The refinement factor was chosen in such a way that the dimensionless distance to the wall in the first computational node was y 1
+~1
, and the laminar sublayer contained approximately ten computational nodes, which provided a fairly accurate resolution of the turbulent boundary layer in the near-wall region. Hydrogen was injected normally to the main flow. The detailed kinetic scheme [27] was used for modeling of combustion. The parameters of the examined flow were following: Mach number M ∞ = 2.8, the total pressure P 0 = 8.14×10
5 Pa and stagnation temperature T 0 = 1798 K. Hydrogen was injected at an angles  = 30°, 60° and 90° at sonic velocity with the following parameters: the total pressure P 0 = 9×10 5 Pa and static temperature T = 300 K. The fields of main parameters allow estimating the influence of hydrogen jet injection angle on wave structure and combustion process in a channel. Hydrogen jet injection leads to reconstruction of the shock wave in a channel and forming an additional separation zones. The Mach number contours for the three injection angles of =30, 60 and 90 are presented in Fig. 6 .
The shock wave (1) that formed around the jet injection falls on the upper channel wall and then is reflected from it. Reflected shock wave (2) falls onto the mixing layer forming a subsonic region (3) in a vicinity of the rear cavity wall (Fig.6, a) . The repeatedly reflected shock (3) comes to the upper wall and induces a local separation zone (4) . Inside a cavity, a flow remains subsonic.
In case of 60° angle, the shock (1) is formed in front of the hydrogen jet. Furthermore, a local separation zone (3) is observed on the bottom wall before the hydrogen jet (Fig.6, b) . Shock (1) falls on the upper wall and interacts with the shock (2) thereby a λ -configuration is formed.
When hydrogen is injected at an angle of 90° the flow is decelerated to a subsonic speed, as evidenced by the absence of shocks in the channel after the cavity. The presence of local subsonic regions contributes to a better mixing. Further, the jet penetration depth and mixing rate of the primary and secondary flows can be estimated from the hydrogen mass fraction fields (Fig. 7) . The mixture is ignited immediately behind the zone of hydrogen injection. Mixing and combustion layer extends over the cavity and along the bottom wall of the channel. When hydrogen was injected at an angle 90° the combustion process captures the whole cavity. Analysis of the H 2 and O 2 concentrations has shown that over the area of the combustion the mixture is lean that mean a lot of oxidant and lack of fuel. Inside a cavity the mixture is rich with a lack of oxidant. Modeling of multiple hydrogen jet injection in a channel with BFS was carried out in 3D approach. Channel geometry is matched with the experimental model (Fig.1) . The calculation were conducted for the inlet parameters as follows: free stream Mach number M ∞ = 4, static pressure P = 1.06×10
5 Pa and static temperature T = 600 K. Hydrogen was injected normally to the main flow at: static pressure P = 25.8×10
5 Pa and static temperature T = 300 K. For modeling of combustion, the detailed kinetic scheme [27] was used.
The computed mass fraction of H 2 O in plane of symmetry is presented in Fig.8 . It can be seen that the ignition of the hydrogen-air mixture takes place directly behind the step. Further, the flame propagates along the channel walls capturing the mixing layer. Near the exit boundary there is intense burning throughout the volume. 
CONCLUSIONS
 2D and 3D computational analysis has been performed for the problem of hydrogen jet injection into the supersonic flow in a channel with abrupt expansion.
 Several kinetic schemes were tested in terms of experimental data.
 The jet injection angle growth results in reorganization of the shock wave structure in a channel.
 In case of multiple injections the combustion layer extends over the bottom and top walls of the channel.
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